Abstract: Our research group reported successful observation of "cofaulting" Earth's magnetic field changes because of piezomagnetic effects caused by earthquake tremors during the 2008 Iwate-Miyagi Nairiku earthquake of M7.2 using a geomagnetic observation system with flux-gate magnetometers. This is an important finding: electromagnetic fields propagate from a source to an observation site at the light speed in the crustal materials. Further earthquake detection efforts can lead us to a new system for super-early warning of earthquake detection with the geomagnetic signal. However, the observed result with the earthquake was suggested that the geomagnetic field change accompanying fault movement, whose sources are the piezomagnetic effects, is very small and short term. Therefore, to develop an extremely important high-resolution magnetometer system, we first conducted long-term precise geomagnetic observations using a high-temperature superconductor based superconducting quantum-interference device (HTS-SQUID) magnetometer system. The HTS-SQUID magnetometer system had never been used for high-resolution geomagnetic observations outdoors. Since March 2012, we have observed geomagnetic field using the HTS-SQUID magnetometer at Iwaki observation site (IWK) in Fukushima, Japan. Comparison between the introduced HTS-SQUID magnetometer and conventional flux-gate clarified that the HTS-SQUID magnetometer in our system has higher resolution of magnetic field observation.
Introduction

Background
For decades, researchers have studied the seismomagnetic effects [1, 2, 3] . Their reports describe that the surrounding magnetic field changed before and after earthquake occurrence.
From our continuous observations, our research group also reported a successful result which is "co-faulting" Earth's magnetic field variation due to piezomagnetic effects caused by earthquake rupturing (i.e., earthquake-piezomagnetic effects) in 2008 Iwate-Miyagi Nairiku earthquake of M7.2 [4] .
However, the magnetic field changes are very small variations of 300 pT [4] . Our successful result is observed by geomagnetic observation system with a fluxgate magnetometer (10 Hz sampling rate) and a synchronized accelerometer.
The magnetic field propagates from the sources to the observation point at the light speed. Therefore, our result suggested the possibility of earthquake detection from magnetic signal. If we can detect an earthquake from magnetic field, we are able to early warn the occurrence. Further efforts could lead us to a new system for super-early warning of earthquake detection with the magnetic signal [4] .
Magnetometer for geomagnetic observation
In general geomagnetic observation, it might be said that the sampling frequency of 1 Hz is sufficient for observation, and that it is not important to observe with higher accuracy.
However, our successful observation of the Iwate-Miyagi Nairiku earthquake, the magnetic field variations had continued to change only several seconds from the earthquake occurrence time. Therefore, our system (10 Hz sampling rate) recorded magnetic field variations of only several tens of data points.
Additionally, because the highest magnetic field resolution of a flux-gate magnetometer is greater than 10 pT, such a conventional magnetometer is not suitable to observe a small signal by the earthquake-piezomagnetic (EQ-piezomagnetic) effects.
Incidentally, a LTS-SQUID magnetometer using liquid helium is considered to be more accurate as an element of sensor. Nevertheless, it is not promising for continuous long-term geomagnetic observation because it requires liquid helium. That is, the long-term geomagnetic observation demands a magnetometer which not only is easily operated in the outdoor field but also has very high resolution.
2 Geomagnetic observation 2.1 Observation system using HTS-SQUID magnetometer Our research group has developed a new geomagnetic observation system with low running cost and higher resolution: we introduce high-temperature-superconductor based superconducting-quantum-interference-device (HTS-SQUID) as a magnetometer for a long-term geomagnetic observations. The HTS-SQUID magnetometer has much lower running costs than LTS-SQUID because it uses liquid nitrogen to maintain a superconducting state. This is the most important point. It is the first trial in the world that we had adopted the HTS-SQUID magnetometer for a geomagnetic observation system.
The sampling-frequency of our magnetometer system is 50 Hz (0.02 s) which are higher sampling frequency than our conventional observation system using a flux-gate. Our system observed the orthogonal three-vectors of geomagnetic field vibration ðH x ; H y ; H z Þ. The clock of this system is synchronized with a GPS signal. These observed data are uploaded to the web server through the mobile network.
Observation at IWK site
Since March 2012, we have observed three geomagnetic field components using a HTS-SQUID magnetometer at Iwaki observation point in Fukushima, Japan. Here, Iwaki was assumed as an area affected by aftershocks of The 2011 off the Pacific coast of Tohoku Earthquake. Figure 1(a) shows the location of IWK site. The map (b) is a zoom up view of (a). Here, we use Generic Mapping Tool (GMT) for making the map of this figure [5, 6, 7, 8] . As an example of the result observed by the system at IWK, Fig. 1(c) shows the geomagnetic signal on March 17th 2015. The geomagnetic signal at KAK [9] is also depicted in this figure. Here, the sampling frequency of KAK data was 10 Hz. The daily K-index on March 17, 2015 was 5, where the K-index quantifies disturbances in the horizontal component of earth's magnetic field with an integer [9] .
From this figure, we can confirm that geomagnetic signals using the HTS-SQUID magnetometer at IWK are very valid by a comparison of waveforms obtained at the two observation points (IWK and KAK). It is reasonable that two waveforms are similar, because the geomagnetic longitude of two observation points is almost same.
Results
Geomagnetic field observed by HTS-SQUID magnetometer
We show the three orthogonal components of the geomagnetic field observed using the HTS-SQUID magnetometer in Fig. 2 , where the DC offset of the data is adjusted for easy visibility. The signals are observed on October 28th 2015, whose daily k-index is the smallest 0 over this year. Hence, geomagnetic variation itself of this day was very small. For subsequent evaluation, we use observation data of 18:00-19:00 (UTC) corresponding to the middle of night of Japan (i.e., relatively much lower artificial noise period) in Fig. 2(b) . For comparison to a conventional magnetometer, the flux-gate observation result at IWK is also portrayed in this figure. The sampling frequency of the setup flux-gate magnetometer is 10 Hz.
Evaluation
To evaluation the magnetic field resolution of the system, the mean absolute deviation (MAD) is used as an evaluation value as
where " H i represents the mean of H i . Figure 3 presents results of calculating the MAD for each of the threecomponents of the two magnetometers (HTS-SQUID and Flux-Gate) using the data observed in 18:00-19:00UT on October 28, 2015. As shown in Fig. 3(a1) -(a6), we calculated the MAD every second because the observation target signal by the EQ-piezomagnetic effect changes during a few or several seconds. Additionally, the average of MAD per hour is displayed in Fig. 3(b) .
As shown in Fig. 3 , the deviation of signals observed using the HTS-SQUID magnetometer is smaller than that of the flux-gate magnetometer. Results show that the HTS-SQUID magnetometer in our system has higher resolution of magnetic field observation than the usual flux-gate magnetometer. The HTS-SQUID magnetometer in our system provides geomagnetic field observations with a high accuracy and a high sampling rate. 
Conclusion
For this study, we develop a geomagnetic field observation system with high accuracy and high sampling rate. In this first trial, the HTS-SQUID magnetometer was used for a continuous long-term geomagnetic observation.
Comparison of the proposed magnetometer and a conventional flux-gate clarified that the HTS-SQUID magnetometer we used has higher resolution of magnetic field observations. The deviation of the HTS-SQUID magnetometer is about 3 pT to 6 pT. We can say that this value is extremely small rather than conventional magnetometer system.
Future task is to accumulate the geomagnetic field signals accompanying the EQ-piezomagnetic effect using the HTS-SQUID magnetometer and to reveal that effect.
